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(H. Wang).Abstract The 3 mol% yttria stabilized tetragonal zirconia polycrystals (3Y-TZP) powder had
three particle size distributions, while the ﬁne one was lower than 100 nm. The 3Y-TZP compact
was prepared by dry-pressing under pressures ranged from 10 to 30 MPa and then presintered at
1250 1C for 2 h. The matrix dry-pressed under the pressure of 20 MPa had a porosity of 16.7% and
could be easily processed by computer aided design and computer aided manufacturing (CAD/
CAM), and which had been inﬁltrated by the La2O3–Al2O3–SiO2 glass at 1200 1C for 4 h. The
ﬂexural strength and fracture toughness of the composite were 710.7 MPa and 6.51 MPa m1/2,
respectively. The low shrinkage (0.3%) of the composite can satisfy the net-shape fabrication
standard. XRD results illustrated that zirconia in the La2O3–Al2O3–SiO2 glass-inﬁltrated 3Y-TZP
all-ceramic composite was mainly in the tetragonal phase. SEM and EDS results indicated that the
pores of the matrix were almost ﬁlled by the La2O3–Al2O3–SiO2 glass.
& 2012 Chinese Materials Research Society. Production and hosting by Elsevier Ltd. All rights reserved.esearch Society. Production
reserved.
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u.cn (Q. Zhang),1. Introduction
With increasingly esthetic demand of restorative treatment in
the dentistry, all-ceramic dental materials have got more and
more attentions because of their esthetics [1]. However, the
application of all-ceramic dental materials had been limited by
their brittle behavior and poor machining property [2,3]. In
1987, Tyszblat [4] found a new method to fabricate all-ceramic
restorations with high strength and low processing shrinkage.
The technique was then transferred to Vita Zahnfabrik and
launched on the market as In-Ceram after several years of
research and development [5]. The ceramic was strengthened
by inﬁltrating glass into the porous alumina matrix in this
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inﬁltration processing (In-Ceram) had exceptional mechanical
properties and low shrinkage [6,7]. Traditionally, the porous
ceramic was shaped by slip casting before presintering [8–10],
the shrinkage of the dental prosthesis should be calculated by
adding the shrinkages in the presintering and the inﬁltration
process together. Recently, with the development of CAD/
CAM, the porous ceramic has been machined by CAD/CAM
before the inﬁltration process [11,12]. The shrinkage of the
dental prosthesis generated only in the inﬁltration process.
Therefore, near net-shape fabrication could be achieved easily
by reducing the shrinkage in the inﬁltration process. It also
reported that the shrinkage could be reduced more effectively
by reducing the inﬁltration temperature [13].
Currently, the clinical In-Ceram materials mainly include
In-Ceram alumina, In-Ceram spinel and In-Ceram zirconia.
In-Ceram alumina is a widely used and researched glass-
inﬁltrating ceramic. In-Ceram spinel is a glass-inﬁltrating
ceramic containing a spinel oxide MgAl2O4. Its fracture
strength is lower than that of In-Ceram alumina, but it offers
improved optical properties [14–16]. In-Ceram zirconia is an
improvement of the original In-Ceram alumina system by
adding 35% zirconia in order to strengthen the ceramic
[17–20]. Compared with traditional all-ceramic dental material,
the mechanical properties of this all-ceramic dental material
have a remarkable improvement, but it is still much lower than
metal dental materials. All zirconia-based ceramic composite
has superior mechanical properties due to the phase transfor-
mation toughening of zirconia, occurring on the verge of the
tetragonal to monoclinic phase transformation [21–24].
Although all zirconia-based ceramic composite has a great
potential used as the dental restorative materials, it is very
difﬁcult to fabricate the zirconia-based composite with super-
ior mechanical properties. Therefore, the aim of this study is
to fabricate zirconia/glass composite with low shrinkage and
good mechanical properties. In this work, we prepared a new
composition of La2O3–Al2O3–SiO2 glass which was inﬁltrated
into the 3Y-TZP matrix to form a 3Y-TZP/glass composite.
The microstructures, the physical and mechanical properties
of 3Y-TZP/glass composite were investigated.Fig. 1 The mechanism of the glass-inﬁltration process.2. Experimental
2.1. Preparation of La2O3–Al2O3–SiO2 glass
The composition of the La2O3–Al2O3–SiO2 glass included
39.5 wt% La2O3, 14.0 wt% Al2O3, 15.0 wt% SiO2, 11.0 wt%
Li2O, 12.5 wt% B2O3, 5.5 wt% CaO, 2.0 wt% ZrO2 and
0.5 wt% Y2O3. The desired oxides were mixed uniformly
and melted in a silica crucible at 1300 1C for 2 h, then
quenched in water and ball-milled to obtain 200 meshed
powders.
2.2. Fabrication of 3Y-TZP matrix
The 3Y-TZP powder was commercial and purchased from GF
Zirconium–Titanium Materials Co., Ltd (Shanghai). 3Y-TZP
compacts (25 mm 4 mm 3 mm) were prepared through
uniaxially pressing 3Y-TZP powder under 10 MPa, 15 MPa,
20 MPa, 25 MPa and 30 MPa for 2 min and then partially
sintered at 1250 1C for 2 h.2.3. Preparation of 3Y-TZP/glass composite
As shown in Fig. 1, the slurry made by glass powder and water
was uniformly pasted on the surface of the zirconia porous
matrix samples, which was heated subsequently in an electric
furnace in air. The glass began to inﬁltrate into the porous
matrix by capillarity at a certain temperature. The porous
matrix could be inﬁltrated completely by melting glass for
several hours. In order to ﬁnd the optimum inﬁltration
temperature and inﬁltration duration, different groups of
experiments were conducted. The extra glass of the specimen
after inﬁltration process was removed before characterization.
2.4. Characterization
The length of zirconia compacts before and after glass inﬁltrating
were determined by a digital caliper with 0.01 mm accuracy. The
linear shrinkage (%) during glass-inﬁltration was calculated. The
bulk density and surface-connected porosity of zirconia compacts
before and after glass inﬁltrating were calculated by Archimedes
principle as follows:
Db ¼
m
m1m2
 dw ð1Þ
Pa ¼
m1m
m1m2
 100 ð2Þ
where Db is the bulk density of the samples (g/cm
3); Pa is the
surface-connected porosity (%); m is the dry weight of the
samples (g); m1 is the weight of the samples after complete
absorbing water (g); m2 is the weight of the samples immersed in
water (g); dw is the density of water (g/cm
3).
The average coefﬁcients of thermal expansion (CTE) of 3Y-
TZP matrix and the glass were determined by dilatometer (PCY,
Xiangtan city Instrument & Meter Co., Ltd., Hunan, China) in
the temperature range of 25–800 1C. The fracture strength was
tested with a universal testing machine (WDW-300, Changchun
Kexin Equipment Co., Ltd., Changchun, China), it was mea-
sured by a three-point bending test with a span of 20 mm and a
crosshead speed of 0.5 mm/min in air using specimens with
Fig. 2 Vickers indentation cracking behavior in the sample.
S. Shi et al.226nominal dimensions of 25 mm 4 mm 3 mm, and it was
calculated by the following equation [25]:
M ¼ 3Wl
2bd2
ð3Þ
where M is the fracture strength (MPa); W is the breaking load
(N); l is test span (mm); b is the width of the specimen (mm); d is
the thickness of the specimen (mm).
Fig. 2 shows the Vickers indentation cracking behavior in
the samples. The fracture toughness (KIC) and the Vickers
hardness (HV) were measured by a Vickers hardness tester
(FV-700, Future-Tech Corp., Tokyo, Japan). They were
measured with a Vickers indenter under the loads of 3 kg,
and the equation used for calculating the KIC and the HV is as
follows:
KIC ¼P p
b1 þ b2
4
 3=2
ðtgbÞ1  106 ð4Þ
HV ¼ 1:854
P
a1þa2
2
 2  109 ð5Þ
where KIC is the fracture toughness (MPa m
1/2); P is the load
(N); b1 and b2 are the indentation crack lengths as deﬁned in
Fig. 2 (m); HV is the Vickers hardness (GPa); b is the value of
681; a1 and a2 are the diagonal lengths of the indentation as
deﬁned in Fig. 2 (m).
The fracture surfaces morphologies of the 3Y-TZP matrix
before and after glass inﬁltrating were observed by scanning
electron microscope (S-4800 Hitachi, Tokyo, Japan). The
chemical composition analysis of the fracture surfaces of
glass/zirconia composite was performed using an energy
dispersive spectrometer (IE 300 X, Oxford, England), which
was attached to the scanning electron microscope (SEM/
EDS). Phase structure characterization of the samples was
performed using an X-ray diffractometer (D/max 2550 PC,
Rigaku, Japan) using Cu Ka radiation (l¼0.15406 nm).3. Results and discussion
3.1. Study of the La2O3–Al2O3–SiO2 glass
Four criteria were taken into consideration for the glass [13]:
(1) the glass should be chemically compatible with 3Y-TZP at
elevated temperature; (2) the average coefﬁcient of thermal
expansion (CTE) of the glass should be lower than the matrix;(3) the glass should have a low viscosity at inﬁltration temperature;
(4) the glass should have a good leaching resistance. The viscosity
was decreased with increment of the inﬁltration temperature, while
the shrinkage was increased with increment of the inﬁltration
temperature. Therefore an appropriate inﬁltration temperature
should be determined through continuous experiments. The
viscosity and the leaching resistance were also determined by the
glass chemical composition. The viscosity can be lowered due to
the existence of rare earth oxides, alkali metal oxides, alkaline-
earth metal oxides or boric oxide. They could reduce the strength
of the glass. Appropriate inﬁltrated temperature was selected by
changing the boric oxide’s content in this work. The ﬁnal
composition of the oxides that was made for the lanthanum
alumina silicate glass included 39.5 wt% La2O3, 14.0 wt%Al2O3,
15.0 wt% SiO2, 11.0 wt% Li2O, 12.5 wt% B2O3, 5.5 wt% CaO,
2.0 wt% ZrO2, 0.5 wt% Y2O3. La2O3 was frequently used as the
major composition of glass in the commercial dental materials
such In-Ceram series, and may be safe to human body [26]. The
desired oxides were mixed uniformly and melted in a silica crucible
at 1300 1C for 2 h, then quenched in water and ball-milled to
obtain 200 meshed powders.
The average coefﬁcients of thermal expansion (CTE) of
3Y-TZP matrix and the glass (25–800 1C) were 9.1 106 and
6.9 106 K1, respectively. The CTE of the glass was lower
than that of matrix. It was beneﬁcial to the formation of a
compressive stress ﬁeld around grain boundary during the
cooling. These stress ﬁelds exerted a contrary force to the
crack growth, offering crack propagation resistance, and then
the fracture toughness of the composite was improved [26].
The experimental results showed the new development glass
had low viscosity at 1200 1C. The glass could be inﬁltrated
into the pores of the 3Y-TZP matrix at the temperature.3.2. Optimum inﬁltration time and the molding pressure
The particle size distribution of 3Y-TZP was shown in
Fig. 3(a). It showed that 3Y-TZP powder had three different
particle size distributions, which is consistence with the SEM
result (Fig. 3(b)) of the 3Y-TZP powder. The size of the big
zirconia particles were around 10 mm while the ﬁne zirconia
particles were ﬁner than 100 nm. The existence of the big
zirconia particles was beneﬁt to generate pores, while the ﬁne
zirconia particles might bond the big zirconia particles or ﬁll
the voids of skeletal structure formed by big zirconia particles.
The sintering of ﬁne zirconia particles was easily, the big
zirconia particles could be connected ﬁrmly by ﬁne zirconia
particles at presintering temperature. At the same porosity
condition, the porous matrix preparation used the powder of
multi-modal particle size distribution had a better mechanical
properties than that of the porous matrix prepared by the
powders with single particle size distribution [12].
The porosity of porous materials is an important parameter of
their structural characteristic. The porosity of matrix depended
on the powder and the forming process. In this work, the matrix
was prepared through uniaxial dry-pressing the powder under
10, 15, 20, 25, and 30 MPa, and presintering at 1250 1C for 2 h.
Then they were inﬁltrated by the La2O3–Al2O3–SiO2 glass at
1200 1C. In order to obtain the optimum inﬁltration time,
namely the time which the glass fully inﬁltrated into the matrix.
The matrix was inﬁltrated by La2O3–Al2O3–SiO2 glass at
1200 1C for 1–6 h. As shown in Fig. 4, the surface-connected
Fig. 3 Particle size distribution (a) and the SEM image (b) of the 3Y-TZP powder.
Fig. 4 The inﬂuence of the inﬁltration holding time on porosity
of the composite. Fig. 5 The inﬂuence of the molding pressure on the porosity (a),
ﬂexural strength of the matrix (b) and ﬂexural strength of the
composite (c).
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molding pressure. And with increasing of the inﬁltration time,
the porosity of the glass/ceramic composite decreased in the
mass. However, the porosity of the composite almost did not
change when the time was kept to 4 h. The porosity of the 3Y-
TZP matrix inﬁltrated by La2O3–Al2O3–SiO2 glass at 1200 1C
for 4 h could be about 1.0%.
Flexural strength is one of the most important performance
indexes of ceramic dental materials. As shown in Fig. 5(a) and
(b), the surface-connected porosity of the matrix decreased
with increasing the molding pressure, while the ﬂexural
strength of the matrix increased with increasing the molding
pressure. The ﬂexural strength of the matrix could be
enhanced with increasing the molding pressure and lowering
the porosity. Fig. 5(c) shows that the ﬂexural strength of the
composite was enhanced with increasing the molding pressure
until to 20 MPa, and then lowered with increasing the molding
pressure. It was reasonable that the decreasing of surface-
connected porosity of the matrix would be beneﬁcial to
enhance the ﬂexural strength of the matrix, while the decreas-
ing of surface-connected porosity was adverse to the glass
inﬁltration. When the pores reduced to a certain value, the
glass could not ﬁll the surface-connected pores completely,
and the rest of the surface-connected pores turned into closed
pores. It is the reason that ﬂexural strength of the compositeincreased ﬁrstly and then decreased with lower the surface-
connected porosity. It could be found that the optimum
ﬂexural strength of the composite was observed under the
molding pressure of 20 MPa.3.3. Physical and mechanical properties
The shrinkage of the matrix prepared under 20 MPa was as
low as 0.3% after the inﬁltration. In the clinical, the porous
ceramic matrix was machined by CAD/CAM technology
before inﬁltration. Therefore, the shrinkage of composite was
calculated only in the inﬁltration processing. Namely, the
shrinkage of the composite was about 0.3%, which could be
used in the net-shape fabrication of dental restorations. The
mean and standard deviation values of the properties of
3Y-TZP matrix prepared under 20 MPa and the glass/zirconia
composite were given in Table 1. It can be seen that the density
of the composite had a certain improvement compared with
the matrix. The porosity of the matrix was about 16.7%, while
the porosity of the composite was as low as 0.8%. It meant
that there was about 16.0 vol% of glass in 3Y-TZP matrix,
namely the glass almost ﬁlled the pores of the 3Y-TZP matrix
completely. Therefore, the ﬂexural strength of the composite
Table 1 The mean and standard deviation values of density, porosity, ﬂexural strength, fracture toughness and Vickers hardness
of the samples.
Samples Density (g/cm3) Porosity (%) Flexural strength
(MPa)
Fracture toughness
(MPa m1/2)
Vickers hardness
(GPa)
Matrix 5.3570.04 16.770.1 235.6721.2 4.8470.28 6.970.6
Composite 5.4870.05 0.870.1 710.7711.8 6.5170.09 9.770.5
Fig. 6 The fracture surface images of 3Y-TZP matrix (a) and 3Y-TZP/glass composite (b).
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(235.6 MPa). The fracture toughness of the matrix and the
composite were 4.84 and 6.51 MPa m1/2, respectively. The
fracture toughness of the composite was much higher than
3.9–5.0 MPa m1/2 for Al2O3/glass composite [21,27]. The
Vickers hardness of the composite also had been greatly
improved from 6.9 to 9.7 GPa. The remarkable improvements
of mechanical properties are mainly attributed to the pores
ﬁlled by the glass.
Following Lawn and Marshall [28], the brittleness index
was calculated by
B¼ HV
KIC
ð6Þ
The brittleness index of the matrix prepared under 20 MPa
and composite were 1.43 and 1.49 mm1/2, respectively. Com-
paring with the brittleness index values of other commercial
CAD/CAM dental materials reported by Tsitrou et al. [29],
the porous 3Y-TZP matrix was better than ProCAD
(Vivadent-Ivoclar) (B¼1.7 mm1/2), VITA Mark II (VITA
Zahnfabrik) (B¼1.6 mm1/2) and IPSe.max (Vivadent-Ivoclar)
(B¼2.9 mm1/2). This indicated that the porous 3Y-TZP
matrix could be easily processed by CAD/CAM.3.4. Microstructure and chemical analysis
Fig. 6(a) shows the fracture surface microstructure of presinter-
ing 3Y-TZP matrix prepared under 20 MPa, indicating that the
matrix had a porous structure and some pores were observed at
triple grain junctions. Fig. 6(b) shows the fracture surface image
of the glass/zirconia composite. Zirconia and glass appeared
black and white because the glass had higher average atomic
number [30], the white points which represented glass distrib-
uted fairly among the zirconia matrix. The glass inﬁltrated into
the porous matrix for the elimination of open-porosity, leading
to the removal of defects and ﬂaws of the matrix, and thedensiﬁcation of the matrix. So the mechanical properties of the
matrix have a remarkable improvement.
The matrix was sintered at the temperature of 1250 1C, which
was as same as that for the yttria-stabilized zirconia (YSZ)
coating [31]. The chemical composition analysis of the fracture
surfaces of 3Y-TZP/glass composite is shown in Fig. 7, SEM
and EDS analyses showed similar microstructures of 3Y-TZP/
glass composite. The chemical composition of La2O3–Al2O3–
SiO2 glass and 3Y-TZP ceramic matrix were interpenetrated
together in three-dimensional. The La, Al and Si elements were
well-distributed among the zirconia matrix, illustrating that the
glass inﬁltrated the zirconia matrix uniformly.
3.5. XRD analysis
The XRD patterns of 3Y-TZP before and after glass inﬁltrat-
ing are shown in Fig. 8. Contrasting the XRD patterns of the
3Y-TZP before and after glass inﬁltrating, a small part of
monoclinic phase zirconia (m-ZrO2) generated after inﬁltra-
tion, while the main crystalline phase of 3Y-TZP still kept
tetragonal phase (t-ZrO2) after inﬁltration. It is explained that
the introducing of small amount of ZrO2 (2.0 wt%) and Y2O3
(0.5 wt%) inhibited the reaction between the glass and 3Y-
TZP during the glass inﬁltration process, and in the presence
of these additives the La2O3–Al2O3–SiO2 glass had a good
chemically compatible with 3Y-TZP at elevated temperature.4. Conclusions
Among the pressures ranged from 10, 15, 20, 25, to 30 MPa,
20 MPa was more appropriate for the dry-pressing of the
matrix due to it showed a optimized balance a porosity of
16.7% and the ﬂexural strength be ﬁt to computer aided
manufacturing. The matrix was sintered at 1250 1C for 2 h and
subsequently inﬁltrated by the La2O3–Al2O3–SiO2 glass at
1200 1C for 4 h, and the all-ceramic composite for the dental
restorative application was obtained. The ﬂexural strength and
Fig. 7 SEM/EDS images of the fracture surface of 3Y-TZP/glass composite.
Fig. 8 XRD patterns of the 3Y-TZP matrix (a) and the 3Y-TZP/
glass composite (b).
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6.51 MPa m1/2, respectively, which was signiﬁcantly enhanced
compared to the bare 3Y-TZP matrix. Both the mechanical
properties and the shrinkage as low as of 0.3% reached to
the clinical criterion, and the main phase of zirconia after
glass inﬁltrating was still in expected tetragonal phase due toadditives of ZrO2 and Y2O3 were introduced in the La2O3–
Al2O3–SiO2 glass.Acknowledgements
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